Abstract. New techniques for remote sensing of solar magnetic fields now provide measures of the magnetic field vector within the solar atmosphere with high angular resolution and high precision. These measurements have enabled a much improved physical understanding of magnetic processes and phenomena in the solar atmosphere, processes that drive the variability of the Sun's radiative and particulate output. The new techniques are reviewed here in the context of the scientific advances they have fostered. Emphasis is given to techniques for inferring the field vector. The quantitative nature of the information needed to explore the solar phenomena sharply constrains the needed precision and angular resolution of the observations. These requirements are reviewed here, along with an assessment of how future improvements in observing capabilities will address these requirements. One may also attribute much of the recent advance in our understanding of solar magnetic fields to ongoing progress in techniques for analysis of the polarization measurements that underlie solar magnetometry. The status and prospects of analysis techniques are also reviewed. 
SOLAR MAGNETISM AND SOLAR VARIABILITY
The magnetic field of the Sun varies on a wide range of timescales and spatial scales. As a consequence, we experience dramatic variations in the Earth's space environment. Even the total energy output of the Sun varies measurably (•--0.1% [FrOhlich and Lean, 1998 ]) under the influence of the variable solar magnetic field, probably as a result of its influence on the visible and near-infrared radiation emitted by the surface layers of the solar atmosphere (the photosphere). The Sun is slightly brighter near the maximum of the l 1-year sunspot activity cycle. Even larger fluctuations may occur on timescales of centuries or longer. In its "quiet" state the 6000-K photosphere is enveloped by an extended, tenuous corona (Figure 1 ) having temperatures in excess of 10 6 K, causing the Sun to emit strongly in X rays.
Magnetic fields play a crucial role in this remarkable but as yet not fully understood heating [Parker, 1987] . As the magnetic fields of solar active regions erupt into the solar atmosphere, an array of fascinating and energetic phenomena transpire to produce variability of the solar output: Large fluctuations occur in the ultraviolet and X-ray output, solar flares (Figure 2) produce very rapid changes at short wavelengths that are sometimes accompanied by bursts of energetic protons at the Earth, and intrinsically magnetic events known as coronal mass ejections, or CMEs (Plate 1), may disrupt the interplanetary magnetic field, causing geomagnetic storms. Societial consequences of solar magnetic activity are widespread, including disruption of communications, radiation hazards for astronauts and for unmanned spacecraft [Baker et al., 1998 ], and likely influences on terrestrial climate [Frieman et al., 1994 ].
The Large-Scale Solar Magnetic Field and the Solar Dynamo
The 11-year cycle of solar activity is certainly the most widely recognized mode of solar variability. In fact, it represents a 22-year magnetic cycle: Two l 1-year cycles are required to restore the dominant magnetic polarity near the poles of the Sun. This cycle is dramatically revealed in the synoptic "magnetic butterfly diagram" of Figure 3 , which shows the evolution of the large-scale solar magnetic field during the past two sunspot cycles. This map is assembled from individual solar "magnetograms" of the full solar disk similar to that shown in Figure 4 . The behavior of the solar magnetic field at these global scales reflects the working of the solar dynamo [Roberts, 1994] . The dynamo, which is believed to be operative near the base of the solar convective layer (or about one third the solar radius below the surface), results from the combined action of solar rotation and convective flows within the highly conducting solar plasma. The solar dynamo problem represents one of the major challenges of astrophysics: Dynamos are responsible for magnetic activity in a range of stellar types, and some stars sustain magnetic activity cycles that are much more energetic than that of the Sun. Additionally, the structure and dynamics of the corona are controlled by magnetic fields, which continuously rise into the corona from the solar interior. This image shows polarization brightness arising from photospheric light scattered by electrons in the corona. Solar north is up, and west is to the right. patches of field. Figure 3 thus represents an observational benchmark which any successful dynamo theory must reproduce in detail. We shall see that the observational data represented by this synoptic map contain only limited quantitative information regarding the magnetic fields themselves. Nonetheless, the value of longterm synoptic data of this sort is clearly evident.
Solar Active Regions and Sunspots
Individual active regions produce most of the variability of the Sun on timescales of weeks to months. Magnetic fields from one such active region are shown in enlarged view in Figure 4 . The magnetic fields that comprise active regions are believed to be individual bundles of magnetic flux separated from the main dynamo region, which rise through the entire solar convective envelope in a few weeks or months. Usually, they present a dipolar field structure oriented roughly in the east-west direction, with leading polarities opposite in the Northern and Southern Hemispheres, as seen in Figure 4 .
Magnetic buoyancy plays a dominant role in the evolution of solar magnetic fields. The magnetic field itself exerts pressure, so that the total pressure at any point in the atmosphere is the sum of the kinetic pressure of the gas plus the magnetic pressure. A flux rope (so-called because the magnetic lines of force follow twisted paths) within the solar atmosphere has much higher magnetic field strength than its nearly field-free surroundings, but if it is in rough pressure equilibrium with its surroundings, the gas pressure within the rope must be reduced relative to that of its surroundings, and hence the rope will have a reduced density. The loop is therefore buoyant, and it will attempt to rise. Only viscosity of the surrounding unmagnetized plasma and the magnetic tension of the rope itself resist its inevitable rise toward the surface and beyond. (Magnetic fields also exert a tension force that tends to straighten the lines of force.) Indeed, the movies of the solar corona in X rays recorded by the Yohkoh spacecraft [Uchida et al., 1992] reveal a nearly ubiquitous expansion of the magnetized structures of the corona. Interaction of the rising flux with preexisting fields via magnetic reconnection [Forbes, 1992; Yokoyama and Shibata, 1995] can cause energetic solar flares such as that of the X,ray image of Figure 2 . Some fraction of this magnetic flux escapes into interplanetary space via the CME process, some fraction is dissipated via turbulence of the solar atmosphere, and surviving flux diffuses and is forced to migrate poleward as a result of convective and large-scale motions in the solar envelope. The latter process may be seen clearly in Figure 3 where light or dark structures of the remnants of active regions move rapidly poleward during the declining phase of a solar cycle.
Convective flows also play an important role in the evolution of active regions. Convection on the scale of solar granulation confines most of the magnetic flux of active regions to the dark "intergranular lanes": zones of subsiding, cooler plasma between the hot, bright, upwelling granules themselves. The convective flows are believed to initiate the process of convective collapse of weak magnetic flux, leading to the kilogauss fields of tiny flux tubes [Parker, 1978] . At larger scales the convective flows at the supergranular scale, and also at scales intermediate between granules and supergranules (the socalled "mesogranulation"), structure plages and clearly participate in the dispersal of active-region flux. (Plages are strongly magnetized areas within active regions but outside of sunspots. They are composed mainly of small kilogauss flux tubes. They appear slightly brighter than the surrounding photosphere when viewed near the solar limb.) Where plage fields are present, the contrast, size distribution, and evolutionary timescales of granular convection are strongly modified [Title et al., 1992] . Convection takes on a radically different character within the strong magnetic fields of sunspots ( Figure 5 ). Recent high-resolution observations of sunspots have clarified a heretofore unsettled observational description of the fine-scale field structure and flows in sunspot penurnbrae: Darker structures are regions of weaker, more horizontal magnetic fields that harbor most of the outward Evershed flow (see discussion in review by Lites [1997] ). Nonetheless, we are still far from an understanding of these phenomena at a fundamental level where theory accurately describes the observed properties. Much more theoretical and modeling work is needed. Furthermore, the new observational magnetic field diagnostics have not yet supplied a comprehensive observational picture of the evolution of active regions at high angular resolution. That need will be met by planned ground-and space-ba•ed instrumentation (section 9). with the surrounding gas pressure, have long been inferred indirectly through involved analysis of the polarization of spectral absorption lines [Stenflo, 1973] . The highest-resolution images of the solar photosphere (e.g., major source of heating of the outer layers of the Sun, has been the focus of considerable efforts in magnetohydrodynamic (MHD) modeling of flux tubes [Steiner et al., 1998 ]. A variety of physical processes are likely candidates for transformation of the kinetic energy of photospheric convection into thermal energy of the upper layers, including the generation and dissipation of magnetoacoustic-gravity waves and multitudinous "nanoflares" occurring at very small scales which convert magnetic energy efficiently into heating of the outer layers of the solar atmosphere: the chromosphere and corona. (The chromosphere is a thin (•2000 km), highly dynamic layer between the photosphere and corona containing plasma that is somewhat hotter than the photo-sphere: 7000-10,000 K. As with the corona, magnetic fields are crucial both to the heating of the chromosphere and to its dynamical nature.) In large measure, the need to understand the physics of flux tubes has spurred efforts to improve the angular resolution and quality of solar magnetic field measurements (see section 9). These processes may never be fully understood if the flux tubes themselves cannot be spatially resolved with quantitative measures of the magnetic field vector. Just as in the magnetic plage within active regions, kilogauss flux tubes comprise most of the network elements, but magnetic fields also exist in the interior of supergranule cells, as shown in the very sensitive magnetic measurements of the inset in Plate 2. Indeed, the most sensitive measurements suggest that the quiet Sun appears to be nearly everywhere threaded by weak, small-scale, mixed-polarity magnetic flux. When averaged over a typical supergranule, the total (signed) flux of these internetwork magnetic fields is very close to zero; thus, in view of their mixed polarity over small scales, the associated lines of magnetic force must close rather low in the atmosphere. On the other hand, the photosphere cannot be threaded everywhere by kilogauss flux tubes of extremely small scale. Were that the case, the Zeeman broadening would produce measurable variation in widths of spectral lines, widths that would depend on the sensitivity (as prescribed by atomic physics) of each spectrum line to the Zeeman effect. The lack of an observed correlation of line width with sensitivity to the Zeeman effect allows one to set an upper limit to a mean (unsigned) field strength in the photo- A surprising and provocative observational property of magnetism in the quiet Sun is now apparent: The rate of flux emergence in the quiet Sun appears to be orders of magnitude greater than that from the total of active regions. This result is unexpected because when viewed in large scale, the evolution of solar magnetic flux is clearly dominated by active regions (Figure 3) Robust techniques have been developed within the past decade to extract highly accurate measures of the magnetic field vector. The advent of high-quality polarimetric solar data has encouraged recent efforts to extract even more detail about the solar atmosphere from polarimetric data, i.e., gradients of the vector magnetic field and other parameters along the line of sight (LOS). These techniques are described in section 6. Polarization measurements in the infrared promise to reveal the nature of weak fields (section 7). Prospects for measurement of the field at heights well above the photosphere are given in section 8, and anticipation of future directions is presented in section 9.
Ubiquitous Weak Magnetic Flux in the Quiet

TRACERS OF THE SOLAR MAGNETIC FIELD
We have already seen in Figure field structures open to interplanetary space. Buoyancy effects may influence dynamic events such as the CME seen in white light in Plate 1. Prior to a CME event, typical coronagraphic measurements reveal a bright helmet-streamer similar to that of the first image of Plate 1, the lower part of which has a dark bubble (the prominence cavity, also seen). A prominence will usually reside at the very bottom of the cavity. When destabilized, the whole system erupts rapidly outward, opening up the field lines of the helmet-streamer and sometimes ejecting prominence material with it out into the solar wind, as is seen as the expanding filamentary structure in the latter images of Plate 1. The key to the loss of stability of this system is probably the evacuated prominence cavity [Low and Hundhausen, 1995] . The cavity is characterized by reduced density and is surrounded by the denser material of the helmet-streamer, which weighs down on the cavity to counter the buoyancy arising from both its reduced density and higher field strength.
How does the cavity become partially evacuated? The field in the cavity likely has the form of a twisted magnetic "flux rope." The lines of magnetic force of the flux rope have a relatively direct topological linkage through the prominence below, but the rope is effectively isolated from both the hot coronal helmet-streamer above and the dynamic source of coronal heating from the photosphere below. The rope interior is thus likely to be thermally unstable. Material within the cavity at coronal temperatures may radiate, cool to chromospheric temperatures, and drain to the lowest reaches of the flux rope, forming a prominence and evacuating the cavity.
The large volume of the cavity allows it to act as a buoyant "balloon" that can support the prominence below. Once the helmet-streamer is no longer able to weigh upon the cavity, a CME eruption event will occur. Intensity tracers of the field may be found in the lower atmosphere as well. Figure 5 presents a high-resolution photospheric continuum image of a sunspot in the low photosphere, in the chromospheric H • line, and in the longitudinal magnetic field. The continuum photospheric images show structures in the penumbra of the sunspot which indicate the general direction of the field at the photospheric surface. These structures end abruptly at the outer boundary, where it is believed that the magnetic field exits the photosphere but continues outward at higher levels of the atmosphere. The accompanying H • chromospheric image strongly suggests this outward continuation and also reveals complex structures, presumably indicating field orientation, which are not at all evident in the continuum image.
Optically thick structures such as those in Figure (2) The plasma densities must be low enough and the radiation intensity must be high enough that radiative excitation of the atom is more common than collisional excitation that depolarizes the emitted radiation. (3) The radiation field incident upon the scattering atoms must be anisotropic. The latter two criteria are usually satisfied at heights a few hundred kilometers (or greater) above the solar surface. These criteria severely restrict the realm of applicability of the Hanle effect.
In the quantum description of the Hanle effect the incident anisotropic radiation causes the populations of the excited magnetic states to differ. Because the field is weak, the wave functions describing each state overlap in energy, and there may be interference among them. The interaction of the quantum system representing each magnetic state differs with respect to the polarization of the incoming radiation; hence when quantum interference is present, the scattered radiation represents a mixture of polarization states.
Like 
Coronal Forbidden tines
The spectrum of the inner corona at visible wavelengths reveals a number of emission lines [Billings, 1966] 
ANALYSIS TECHNIQUES FOR SOLAR POLARIMETRY
A wealth of information about the solar atmosphere is contained in precision spectropolarimetric data such as those of Figure 8 . The instrumentation required to record such complete Stokes spectral data is now available and is becoming more commonplace, so this review concentrates on the analysis of full spectropolarimetry rather than on older methods for dealing with more limited data, which involve restrictive approximations.
The most effective analysis techniques involve least squares fitting of the Stokes spectra using solutions of (1) for models of the solar atmosphere along the LOS [Del Toro Iniesta and Ruiz Cobo, 1996]. These models must not only describe the magnetic field vector, but they must also faithfully mimic the thermal and dynamical structure of the atmosphere as it varies from point to point on the Sun. This is accomplished by representation of the solar atmosphere by models comprising a few parameters that capture, to some degree of approximation, the variation of the real solar atmosphere both spatially and along the LOS. One fairly simple model, the so-called Milne-Eddington (ME) atmosphere, admits an analytic solution to (1) [Rachkovsky, 1962;  Least squares fitting procedures also allow robust estimates of the uncertainty of each of the parameters being fit. Such error estimates immediately flag spectra for which the routine fails to find a satisfactory fit. For Stokes spectra with SNR > 1000, failure is rare, provided one supplies a good initial guess for the parameters of the fit. Without a good initial guess, least squares fitting procedures may settle on a secondary minimum in the typically 10-dimensional parameter space. Genetic algorithms [Charbonneau, 1995] provide one means to isolate the locality of the global minimum in parameter space. Although the genetic algorithm is computationally too inefficient for the full fit, it provides an excellent guess for the standard least squares procedure.
The genetic algorithm has proven most valuable in refinement of the analysis of spatially unresolved Stokes spectra. Very occasionally, observed Stokes polarization profiles Q, U, and V depart dramatically from the highly symmetric spectral shapes typically found (e.g., Figure  9 ), such that the Stokes V profile, usually antisymmetric about line center, even takes on the appearance of a wavelength-shifted symmetric Q or U profile. In some cases, these abnormal profiles may be explained by the unresolved, yet physically distinct, structure of the magnetic field. For example, these abnormal profiles may occasionally be found in sunspots viewed away from the center of the disk in the vicinity of the sign reversal of the line-of-sight component of the field vector in the penumbra. It is now well known [Lites, 1997] that penumbrae harbor fine structure in which the fields differ in strength and inclination to the surface, and also in their bulk motion. Extending the ME model to allow two fully variable magnetic components plus an unmagnetized one within the observed pixel will often allow one to find a satisfactory fit to the observed Stokes profiles [Skumanich et al., 1996; Bemasconi and Solanki, 1996]. However, the expansion of the number of free parameters of the fit greatly increases the occurrence of secondary minima in the parameter space. Application of the genetic algorithm to the initial guess has been found to greatly ease the problem of secondary minima in this case .
The ME analysis does not admit Until high-resolution visible-light spectropolarimetry is available in space (section 9), infrared diagnostics provide the least ambiguous information about physical conditions in the weak internetwork fields [Lin, 1995a [Lin, , 1999 . These observations in the neutral iron lines at 1.56 txm forming low in the photosphere strongly suggest that the internetwork fields are intrinsically weak, a few hundred gauss, and unlike the intense fields in flux tubes, histograms of the occurrence of fields of a given strength are rather broad (Figure 12) [Lin, 1995b] . These infrared observations mainly describe the fields within the more prominent internetwork flux elements. The strength of the nearly ubiquitous weaker, mixed-polarity internetwork flux still remains largely unknown. Highresolution, high polarimetric precision measurements from space from Solar-B (see section 9) will constrain the sizes of these elements and may very well provide information on intrinsic field strengths. One must await infrared polarimetry at much higher angular resolution to determine distributions of field strengths for the small-scale, weak internetwork patches that one sees as Substantial challenges confront efforts to measure magnetic fields above the photosphere. From the perspective of ground-based observation, there are only a handful of spectrum lines that form significantly above the photosphere, and these lines are not as sensitive to the Zeeman effect as those lines commonly used as photospheric field diagnostics. Owing to the larger nonthermal velocities, the chromospheric lines are intrinsically broader than photospheric lines and thus produce smaller polarization signals. Most important, though, outside of sunspots the magnetic fields of the chromosphere and corona are commonly very much weaker than photospheric fields, owing to the expansion of concentrated fields of flux tubes with height. Of course, this expansion eases the problem of accounting for small magnetic filling factors, but regions of rather uniform chromospheric or coronal magnetic field can have highly variable emission. Finally, in the chromosphere, most diagnostic lines are optically thick, are strongly influenced by scattering (non-LTE effects), and form over extended distances along the LOS. These issues complicate the analysis of chromospheric Stokes spectra.
Although there is as yet no fully satisfactory means of measuring vector magnetic fields above the photosphere, routine longitudinal magnetogram measurements are carried out daily for the Ca II line at 854.2 nm forming in the upper photosphere and low chromosphere (Figure 13 ). These measurements graphically illustrate that the field has "fanned out" considerably from the concentrated fields of the photosphere, mostly because of the combination of highly localized fields at the photospheric level and the rapidly decreasing density with height in the atmosphere. Similar diagnostics of the longitudinal field are provided by the Balmer sequence line H [3 [Zhang, 1994] . The neutral magnesium lines at 518 nm are sensitive to vector fields in the upper photosphere. Analysis of Mg I Stokes spectra using the simple ME approach has proven to be problematic [Lites et al., 1988] , but more detailed treatment of the atmospheric model as discussed in section 6 will likely improve inversions of chromospheric Stokes spectra [Socas-Navarro et al., 1998].
For chromospheric lines forming in the visible and near ultraviolet, small Zeeman splittings necessitate substantially higher polarization sensitivity than corresponding photospheric measurements. Infrared measurements would be ideal for this purpose, but few suitable spectral lines have yet been identified (section 7). Prominence magnetic fields represent an interesting and important science target. Conditions in prominences are such that the Hanle effect has been applied very successfully to infer the vector magnetic field, revealing the dominance of inverse polarity prominence fields (section 5). Analysis of prominence fields via the Hanle effect are complicated by (1) the model dependency of the analysis (the density dictates the degree of collisional depolarization that must occur in addition to the depolarization from the Hanle effect); (2) the fine-scale structure of the prominence, which is usually not resolved in the plane of the sky and is not resolved along the LOS for prominences observed above the limb; (3) the degree of polarization usually being small; and (4) the azimuth ambiguity needing to be resolved. The analysis of two lines observed simultaneously [Bommier et al., 1994] allows one to determine all three components of the field vector and, in many instances, resolve the azimuth ambiguity. Most Hanle effect analyses so far have been directed at prominences above the solar limb, where often there is considerable foreshortening of the prominence structures due to their predominantly east-west orientation. A new analysis of filaments observed in absorption against the disk in the He I 1083-nm line [Lin et al., 1998 ] suggests that the Hanle effect might prove a useful diagnostic for the fine-scale structure of B in prominences and for tracking its evolution for the full rotation across the disk.
Because of the intrinsic weakness of coronal fields and the difficulty of observing the weak coronal emission outside of eclipse, there are few prospects for coronal field measurements. This situation may soon change in light of the recent identification of forbidden coronal emission lines in the infrared with high Zeeman sensitivity [Kuhn et al., 1999] . It is anticipated that the circular polarization in these lines will allow one to measure longitudinal magnetic fields in the low corona over active regions where field strengths are highest. Very high polarimetric sensitivity will be required, which is difficult to achieve given the low brightness of the corona. Furthermore, the relatively large anisotropy of the incident radiation field at coronal heights may require a more detailed non-LTE treatment for interpretation of the observed circular polarization [Casini and Judge, 1999] . In combination with measurement of the linear polarization, which in the strong field limit (i.e., coronal forbidden lines) indicates directly the orientation of the field in the plane of the sky (section 3), a powerful observational tool for coronal physics may be forthcoming. As with any diagnostic of the corona, one must contend with the problem of variation of the atmosphere (including B) along the LOS, and this will ultimately limit utility of coronal field diagnostics off the solar disk.
The microwave continuum provides another diagnostic of magnetic fields in the low corona. The diagnostic utilizes the rapid variation of the opacity near the gyroresonance frequency (ray = eB/2•rmec ) for the precession of the magnetic moment of an electron in a magnetic field. The microwave brightness temperature falls rapidly with increasing frequency above a limiting frequency (or some multiple thereof). The limiting frequency is directly proportional to the field strength. This technique can yield an indication of those temperatures of the upper atmosphere at which specific field strengths are encountered, but so far it seems to be limited to the very strong fields encountered over sunspots [Lee et al., 1993] . Table 2 summarizes some major instrumentation initiatives for solar magnetic field measurement, the observational needs that they address, and the relevant science goals as indicated in this review.
A theme running through all of solar physics is the need for high angular resolution. The magnetic field in the solar photosphere is structured on very small scales, and many processes of importance to heating and dynamics of the upper solar atmosphere occur principally at these small scales. It is therefore of utmost importance to describe the dynamical behavior of magnetic fields at these scales, accompanied by observations of the consequences in the upper layers, also at high angular resolution. The upcoming Japanese/U.S. mission Solar-B will provide continuous, high-resolution imaging polarimetry and spectroscopic polarimetry, along with Jim Horwitz was the Editor responsible for t•is paper. He thanks Karel Schrijver and one anonymous reviewer for the technical reviews and Jean Braun for the cross-disciplinary review.
